The variety of human cancers in which the retinoblastoma protein pRb is inactivated reflects both its broad importance for tumor suppression and its multitude of cellular functions. Accumulating evidence indicates that pRb contributes to a diversity of cellular functions, including cell proliferation, differentiation, cell death, and genome stability. pRb performs these diverse functions through the formation of large complexes that include E2F transcription factors and chromatin regulators. In this review we will discuss some of the recent advances made in understanding the structure and function of pRb as they relate to tumor suppression, and highlight research using Drosophila melanogaster that reveals important, evolutionarily conserved functions of the RB family.
INTRODUCTION
A decade and a half after Alfred Knudson proposed a two-hit hypothesis to explain the genetic events that give rise to cancer (Knudson, 1971) , investigators were focusing on a region of chromosome 13 that was found to be deleted in a subset of retinoblastoma samples (Lalande et al., 1984) and discovered the precise location of the RB gene (Friend et al., 1986; Lee et al., 1987) . In the years following these findings, intensive research efforts gave rise to a prevailing model in which the gene product pRb and its family members, p107 and p130, function as inhibitors of cell cycle progression (Table 1) . These proteins function during G 1 by binding to the E2F family of transcription factors and generally repressing the expression of target genes by recruiting corepressors that regulate chromatin. Binding of pRb to E2Fs is inhibited by the activity of various cyclin-dependent kinases (CDKs), which are themselves activated by mitogen-induced expression of cyclins during the G 1 and S phases of the cell cycle. Cdk4 or Cdk6, in complexes with D-type cyclins, initiate the progressive phosphorylation of pRb, which generally correlates with an impaired ability to bind E2Fs Kato et al., 1993) . Important E2F target genes that promote G 1 /S progression are E-and A-type cyclins which, in complexes with Cdk2, further target pRb for hyperphosphorylation in a positive feedback loop (Hinds et al., 1992) . Whereas phosphorylation of p107 and p130 by CDKs causes their degradation during the cell cycle (Claudio et al., 2002) , pRb is stable and becomes reactivated by phosphatase activity during mitosis (Ludlow et al., 1993) .
The E2F transcription factors, encoded by at least eight distinct genes, are commonly thought of as either activators or repressors of transcription (Table 1) . The activating and the repressive E2F proteins exhibit differential affinities for RB family proteins: activator E2Fs (E2F-1, -2, and -3a/b) interact primarily with pRb while repressor E2Fs (E2F-4 and -5) interact with p107 and p130. A further level of complexity is conferred by interactions with multiple members of the DP family of cofactors that are important for the ability of E2Fs (except E2F-7 and -8) to bind DNA (Attwooll et al., 2004; Du and Pogoriler, 2006) . Additionally E2F-6, -7, and -8 do not have the capacity to bind RB family proteins. These atypical members of the E2F family are now known to have distinct roles that coordinate target gene expression during different cell cycle phases. For example, E2F-6 specifically represses E2F target genes during S-phase but not G 2 /M (Giangrande et al., 2004) , while E2F-7 and -8 were recently shown to function together to repress the expression of a number of genes, notably E2F1 and CDC6, during the transition out of Sphase (Li et al., 2008) . Despite these intricacies, work over the last decade has established a variety of genes as E2F targets which have been broadly categorized into genes involved in S-phase progression and DNA replication, the spindle checkpoint and mitosis, DNA damage response, and apoptosis (Chen et al., 2009b) , all functions that are highly relevant to cancer biology.
Conservation of the RB-E2F pathway in flies
Drosophila melanogaster is at the forefront of genetic research (Bier, 2005) , as this important organism offers relative simplicity and a high level of conservation in RB and E2F families, cell cycle genes, and signal transduction pathways (Table 1) . For example Rbf, which is orthologous to pRb, interacts with both the activator-type dE2f1 and the repressor-type dE2f2, and inhibits target genes involved in cell cycle progression, cell death, and other functions. On the other hand Rbf2, which interacts only with dE2f2 (Stevaux et al., 2002) , seems to function more like p107 or p130. In addition to the two RB family genes and two E2Fs, flies have only a single DP. These features, coupled with a collection of well-developed genetic tools, make the fly a unique model to study conserved aspects of RB-E2F biology in vivo (van den Heuvel and Dyson, 2008) . Accordingly recent studies using Drosophila have guided research in mammals to elucidate several important mechanisms of pRb-mediated tumor suppression.
RB INACTIVATION IN CANCERS RB mutation or deletion
Inherited RB mutations are found to cause a number of different tumors besides retinoblastoma (Burkhart and Sage, 2008) , including osteosarcoma, which commonly arises in retinoblastoma patients as they age (Chauveinc et al., 2001) . Retinoblastoma survivors are also predisposed to develop small cell lung cancer (SCLC) and actual RB loss is observed in the vast majority of SCLC cases (Kaye and Harbour, 2004) . Interestingly this association contrasts with non-small cell lung cancer (NSCLC), in which loss of the RB gene is quite rare despite the frequency of functional inactivation of pRb by other means (Wikenheiser-Brokamp, 2006b ). Studies using mouse models showed that Rb +/− animals develop neuroendocrine tumors and die early (Hu et al., 1994) and that Rb mutation cooperates with loss of either p107 or p130 in the development of a broader spectrum of tumors including retinoblastoma (Dannenberg et al., 2004) . In addition Rb
Trp53
+/− mice also exhibit a slightly broader tumor spectrum.
Although Rb +/− mice do not develop retinoblastoma, Rb
+/− mice exhibit retinal dysplasia (Williams et al., 1994) .
Further studies show that conditional deletion of Rb in a range of mouse tissues, including the retina, leads to apoptotic as well as hyperplastic phenotypes but that concomitant Trp53 (WikenheiserBrokamp, 2006a) . Thus many tumors arising from RB loss, including retinoblastoma, appear to cooperate with p53 inactivation in both mouse models and human disease (Laurie et al., 2006; Burkhart and Sage, 2008) . Due to the prevalence of its mutation in retinoblastoma, osteosarcoma and SCLC, loss of RB is assumed to be an initiating event. But the majority of cancers in other tissues (for example, prostate, bladder, breast, etc.) display RB locus alterations less frequently, suggesting a role during disease progression in these cases (Burkhart and Sage, 2008) . In support of this hypothesis recent studies found that loss of pRb expression due to RB deletion or, perhaps, epigenetic silencing (Kanber et al., 2009) , is overrepresented in metastatic and castration-resistant prostate cancer (Sharma et al., 2010; Taylor et al., 2010) . Loss of RB leads to ectopic expression of E2F target genes, including the angrogen peceptor in prostate cancer cells (Sharma et al., 2010) and cell cycle targets in breast cancers (Bosco et al., 2007) , which results in deregulated cell proliferation, bypass of hormone deprivation therapy, and progression to hormone independence.
Regardless of whether inherited or somatic mutations of RB are involved in the initiation or progression of different cancers, some mechanism of pRb inactivation is known to be a virtually universal feature of tumorigenesis (Sherr and McCormick, 2002) .
Functional inactivation of pRb
Whereas pRb function is inhibited by D-, E-, and A-type cyclins, these cyclin-CDK kinase activities are themselves regulated by two families of CDK inhibitors (CKIs) ( Table 1) . One is the p16 Ink4a family, which binds to Cdk4 and Cdk6 and thus inhibits the activity of D-type cyclins directed toward pRb (Serrano et al., 1993) . Consistent with this, the ability of p16 to prevent cell cycle progression requires intact RB (Lukas et al., 1995) . Another family of CKIs, including p21 Cip1 , p27 Kip1 , and p57 Kip2 , also interacts with cyclin/CDK complexes and inhibits cyclin E/Cdk2, cyclin A/Cdk2, and cyclin D/Cdk4 kinase activities (el-Deiry et al., 1993; Harper et al., 1993; Polyak et al., 1994; Toyoshima and Hunter, 1994) . CKI expression is activated by diverse signals, such as the induction of p21 by p53 in response to DNA damage (Bunz et al., 1998) , so the functions of these CKIs highlight the essential role of pRb in preventing cell cycle progression under normal circumstances as well as adverse conditions. Therefore frequent loss-of-function mutations affecting p16 or gain-of-function mutations affecting cyclin D have the important result of inactivating pRb via hyperphosphorylation in many tumor types. Although hyperphosphorylation of pRb apparently obviates the need for tumors to eliminate the RB gene, as evidenced by its expression in many cancers, recent data indicate that pRb inactivation and RB deletion are not functionally equivalent. Comparisons between the molecular alterations in SCLC and NSCLC illustrate this notion. While the majority of NSCLC tumors display either p16 loss or overexpression of cyclin D, most SCLC cases involve RB loss (WikenheiserBrokamp, 2006b) . A potential explanation for this paradox is that the particular cell lineages that are affected by these diseases inherently differ in the relative importance of pRb or p16 for their differentiation, and these differences could impact lung tumorigenesis (Wikenheiser-Brokamp, 2004 ). This could also be the case in other tissues, as pRb, for example, was shown to regulate the cell fate of mesenchymal progenitors and the lineage commitment of pre-osteoblasts (Calo et al., 2010) . On the other hand, cooperating LOF mutations in TRP53 are more frequent in RB-deficient SCLC (Miller et al., 1992) and studies show that loss of RB, but not p16, results in the accumulation of DNA double strand breaks induced by deregulated E2F-1 (Pickering and Kowalik, 2006) . However it is important to note that inactivation of p53 during NSCLC tumorigenesis could also be achieved by loss of p14 ARF concomitant to genetic alterations of the p16/ CDKN2A locus (Kamijo et al., 1998; Stott et al., 1998; Zhang et al., 1998) . Another potential mechanism of RB inactivation is its epigenetic silencing. Previous studies showed that a CpG island in the RB promoter region is often found to be highly methylated in retinoblastoma cells compared to normal cells (Stirzaker et al., 1997) , in agreement with several studies linking promoter hypermethylation, reduced pRb expression, and retinoblastoma (Feinberg and Tycko, 2004) . Similarly, epigenetic silencing of Rbf has been shown to cooperate with Notch signaling in inducing metastatic tumors in a fly tumorigenesis model (Ferres-Marco et al., 2006) . Therefore in addition to actual loss of the RB gene, epigenetic silencing or mutations of other components of the RB-E2F pathway are also important mechanisms of functional pRb inactivation in animal models and human cancers.
pRb STRUCTURE AND ACTIVITY E2F binding and regulation by cyclin-dependent kinases
The 928-amino acid pRb consists of three recognizable structural domains, the N-and C-terminal regions separated by a bipartite "small pocket." (Fig. 1A) The small pocket interacts with many of the known pRb binding partners, including E2F transcription factors, LxCxE motif-containing proteins such as viral antigens and histone-modifying enzymes, and cyclin-CDK kinase complexes (Goodrich, 2003) . The small pocket domain itself is comprised of two major folds that are separated by a spacer region. Interestingly, the spacer is not well conserved between RB family paralogs, as this region contains consensus binding sites for CDKs in p107 and p130 but not pRb (Dynlacht et al., 1994; Zhu et al., 1995) . The "large pocket," comprised of the small pocket together with the C-terminal domain, is both necessary and sufficient for the ability of pRb to inhibit cell cycle progression (Qin et al., 1992; Hiebert, 1993) and binding of the large pocket to cyclin-CDK complexes is mutually exclusive with the protein phosphatase PPc1 (Hirschi et al., 2010) . Thus the pocket domain is the primary site for molecular interactions between pRb and binding partners that are either subject to its regulatory activity or are themselves regulators of pRb function (Fig. 1A) .
Despite difficulties in solving the structure of the entire pRb protein, recent studies provide insight into how its different domains function and the consequences of phosphorylation for pRb activity. Identification of a novel interaction motif within the N-terminus that consists of a tandem of folds similar to the small pocket region implies that the pRb N-terminus is capable of intramolecular interactions with the pocket (Hassler et al., 2007) . Indeed, by demonstrating direct binding between these regions, this study suggests that pRb has a dynamic structure whereby the N-and C-termini may physically interact to form a closed conformation that is subject to post-translational modification. Additionally binding of EID-1, an LxCxE motif-containing inhibitor of histone acetylation, was shown to rely on interactions with both the pRb N-terminal and pocket domains (Hassler et al., 2007) .
These results suggest a model of pRb activity that relies on intramolecular interactions between the N-and C-termini that are likely disrupted by phosphorylation or the binding of regulatory proteins.
Although the pocket region is known to be required for binding to many proteins, updated structural studies detail the effects of specific phosphorylation events, including those outside of the pocket, on pRb's conformation and binding to E2F/DP. The pRb C-terminal domain interacts with regulatory domains within the E2F and DP families while the small pocket binds the E2F transactivation domain. Phosphorylation of S788/S795 by cyclin D-Cdk4/6 during G 1 partially destabilizes these interactions, and further phosphorylation of T821/T826 by cyclin D-Cdk4/6 or cyclin E/A-Cdk2 induces an intramolecular interaction between the small pocket and the C-terminus of pRb that excludes E2F/DP (Rubin et al., 2005) . Additionally phosphorylation events from the N-terminal to the small pocket (T356/T373), as well as within the pocket itself (S608/S612), are required for disruption of E2F transactivation domain binding. Importantly, deletion of the N-terminal domain was observed to reverse the inhibitory effect of pRb phosphorylation on E2F transactivation domain binding in vitro (Burke et al., 2010) . These results provide a more detailed mechanism of the phosphorylation-induced release of E2F/DP that allows S-phase progression. 
Interactions with chromatin regulators
In addition to its well-defined role of directly binding and inhibiting E2F activity, pRb has also been implicated in the general regulation of transcription by affecting chromatin dynamics. For example pRb can function as a transcriptional repressor by recruiting DNMT1 and promoting DNA methylation (Robertson et al., 2000) , and reversing histone acetylation via recruitment of HDAC1 to gene promoters (MagnaghiJaulin et al., 1998) . Histone acetylation is known to promote an open chromatin conformation and the expression of genes, including at least a subset of those controlled by E2F-1 (Takahashi et al., 2000; Zhang et al., 2000; Taubert et al., 2004) . In addition, pRb was shown to directly interact with histone methyltransferases to promote heterochromatin and maintain chromosome fidelity (Gonzalo et al., 2005) . Other experiments using a knock-in Rb allele that harbors a mutation in the LxCxE binding site show that this motif is important for the ability of pRb to bind a litany of histonemodifying enzymes, promote histone H4K20 trimethylation (a marker of repressive chromatin) at centromeres, and prevent chromosome fusions that lead to aneuploidy (Isaac et al., 2006) . Subsequent studies indicate that the LxCxE-binding motif in pRb is also important for tumor suppression, as this knock-in allele causes chromosome instability (CIN) and accelerates loss of heterozygosity, tumor formation, and lethality in Trp53-mutant mice (Coschi et al., 2010) .
Several groups identified another pRb-binding protein involved in chromatin regulation, Rbp2, which is one member of a family of proteins that act as histone H3K4 demethylases (Christensen et al., 2007; Iwase et al., 2007; Klose et al., 2007) whose enzymatic activity targets H3K4 trimethylation, a mark of transcriptionally active euchromatin (Ruthenburg et al., 2007) . Rbp2 was shown to bind pRb via its LxCxE motif and affect the expression of genes specifically involved in differentiation (Benevolenskaya et al., 2005) . Subsequent experiments revealed that Rbp2 is found at promoters harboring trimethylated H3K4 and knockdown of Rbp2 in RB-null cells promotes a differentiation gene expression program, similar to the effect of RB reintroduction. These studies indicate that pRb actually opposes the transcriptionally-repressive activity of Rbp2 during differentiation (LopezBigas et al., 2008) . Later results showed that genetic ablation of Rbp2 impairs the proliferation of Rb −/− mouse embryonic fibroblasts (MEFs) while promoting differentiation and, importantly, mitigates neuroendocrine tumorigenesis in Rb +/− animals (Lin et al., 2011) . These reports indicate that pRb has critical functions related to histone modification and chromatin regulation outside of inhibiting the G 1 /S transition. Interestingly, some data implicate pRb as a transcriptional coactivator that targets genes involved in differentiation (Thomas et al., 2001; Calo et al., 2010) , but a full understanding of the biological contexts in which pRb promotes gene expression is still lacking. Nonetheless it is now becoming clear that the ability to bind LxCxE motif-containing chromatin regulators is central to the role pRb plays as a regulator of gene expression (Fig. 1B) . Indeed, the LxCxE binding region in pRb was very recently shown to be required for stress-induced senescence (Talluri et al., 2010) and cell cycle arrest following DNA damage, which was linked to tumor suppression in the liver (Bourgo et al., 2011) . However the litany of LxCxE domain-containing proteins that are potential binding partners of pRb and the complexity of the RB, E2F and DP family members in mammals are obstacles to comprehensively understanding important pRb functions, which has led to the utilization of alternative models to study RB-E2F biology.
RB family proteins and DREAM/MMB complexes
Concurrent studies sought to uncover components of a native Rbf complex using extracts from fly embryos, and identified a multimeric transcriptional repressor containing dDp, Rbf/ Rbf2, dE2f2, and dMyb (hereafter DREAM) (Korenjak et al., 2004; Lewis et al., 2004) . Both groups found that Rbf/Rbf2 copurified in DREAM complexes with multiple orthologs of MuvB, an evolutionarily-conserved gene class known to be important for vulval development in Caenorhabditis elegans. These studies revealed that DREAM complexes bind to transcriptionally inactive chromatin and repress E2F target gene expression. The results demonstrate that DREAM complex formation is an important function of RB family protein-mediated transcriptional repression in flies. Importantly DREAM complexes were also observed in human cells, where p130 was found to be the predominant RB family protein interacting with either of the two canonical repressive E2Fs, E2F-4 and E2F-5. Furthermore, DREAM complexes were found to occupy cell cycle-related E2F promoters and repress target gene expression in non-proliferating cells (Litovchick et al., 2007) . Notably, two of these studies identified several HDAC transcriptional corepressors as DREAM components (Lewis et al., 2004; Litovchick et al., 2007) . Despite some inconsistencies in the precise makeup of DREAM complexes, these studies established that RB family proteins participate in an important regulatory module that likely influences the formation of heterochromatin, a general feature of condensed and transcriptionally inactive DNA (Fig. 1B) .
The notion that the importance of pRb for developmental gene expression is attributable to its role in coupling cell cycle exit with differentiation was disputed by a study that used Drosophila cells that were depleted for RB and E2F orthologs in culture. These experiments identified a group of genes that are regulated in proliferating cells by Rbf1, Rbf2, and dE2f2 (but not dE2f1) and are known to be involved in cell differentiation and tissue development (Dimova et al., 2003) . Interestingly additional RNAi experiments indicate that many of these developmental genes are also subject to regulation by DREAM complexes, as their expression was observed to be dramatically increased upon knockdown of integral DREAM components (Korenjak et al., 2004) . These studies have established RB family proteins as regulators of developmental genes independent of their cell cycle functions, but suggest that the ability to recruit chromatinregulating corepressors is important regardless of the affected transcription program.
BIOLOGICAL FUNCTIONS OF RB Regulation of cell cycle and senescence
Although regulation of developmental gene expression can be achieved by RB family proteins in proliferating cells, exit from the cell cycle and entrance into quiescence is nevertheless an important aspect of terminal differentiation. Not only can Rb −/− MEFs still arrest in G 1 when cultured in the absence of serum (Mulligan and Jacks, 1998) , but MEFs that lack all three RB-family genes arrest during G 2 in response to serum starvation, owing to the induction of p21 and p27 expression by p53 (Foijer et al., 2005) . These results indicate that the RB family functions together with the CIP/KIP family of CKIs to achieve cell cycle arrest in the absence of mitogens. Furthermore, deletion of Rb, or even the collective loss of RB-family genes, is not sufficient to prevent cell cycle arrest during differentiation in mammals (Wirt et al., 2010) . Similar results were observed in experiments using the Drosophila model. The epidermal cells in fly embryos normally arrest in G 1 after the 16th mitotic cycle; however embryos lacking Dacapo (the fly CIP/KIP ortholog) fail to exit the cell cycle at this time while embryos lacking Rbf fail to maintain G 1 arrest (de Nooij et al., 1996; Lane et al., 1996; Du and Dyson, 1999) . These findings indicate that both Rbf and Dacapo are required for normal cell cycle exit during Drosophila embryonic development. In addition, while mutation of either Rbf or Dacapo alone does not interfere with cell cycle exit in developing photoreceptor cells, mutation of both Rbf and Dacapo leads to ectopic S phase entry (Firth and Baker, 2005) . Furthermore, while Rbf-mutant tissue exhibits a delay in cell cycle arrest following differentiation, ectopic activation of cyclin E/Cdk2, in combination with dE2f1, is sufficient not only to prevent arrest but also to induce cell cycle re-entry (Firth and Baker, 2005; Buttitta et al., 2007) . These results show that the regulation of the cyclin E/Cdk2 activity by Rbf and Dacapo is critical for both initiating and maintaining cell cycle exit during fly development.
pRb has also been reported to have E2F-independent functions that are important for coordinating the cell cycle. Direct interaction with Cdh1 facilitates pRb binding to components of APC/C, a complex important for the degradation of cell cycle substrates at the G 1 /S and G 2 /M checkpoints (Binnéet al., 2007) . Cdh1 was previously shown to direct APC/C E3 ubiquitin ligase activity against Skp2, itself a component of an E3 ubiquitin-ligase complex, SCF (Wei et al., 2004) . The ability of pRb to bind Cdh1 and promote the degradation of Skp2 was found to be important for cell cycle arrest due to a resultant accumulation of p27 (Binnéet al., 2007) . Later experiments suggest that the regulation of Skp2 by pRb is relevant to tumor suppression as tumors arising in Rb +/− mice or targeted Rb −/− pituitary glands were completely suppressed by an Skp2 −/− background, which was attributable to p27 stabilization and, at least in part, the subsequent induction of apoptosis . These studies indicate that cooperation between pRb and p27 is crucial for proper cell cycle regulation, differentiation, and tumor suppression. pRb is known to be important for stress-induced senescence brought on by serum deprivation or oncogene activation (Sage et al., 2003) , possibly by promoting heterochromatin formation and the stable repression of E2F target genes (Narita et al., 2003) . Studies over the last several years have clarified how pRb contributes to this important mechanism of tumor suppression. One report using human diploid fibroblasts found a unique requirement for pRb in promoting oncogene-induced senescence. Cells coexpressing activated Ras and shRNA against RB exhibited deregulation of E2F target genes, including components of the DNA replication machinery and cyclin E, and aberrant S-phase entry. Interestingly neither p107 nor p130 knockdown is sufficient to induce either S-phase entry or deregulation of the DNA replication gene signature in Ras-expressing cells, providing a potential explanation for the predominance of RB mutations in cancer (Chicas et al., 2010) . Another recent report showed that the tumor suppressor PML, which is important for Ras-induced senescence (Ferbeyre et al., 2000; Pearson et al., 2000) , recruits activator E2Fs to PML nuclear bodies, inhibits expression of their target genes, and causes stable cell cycle exit in a pRb-dependent manner (Vernier et al., 2011) . These results provide insight into the stability of E2F target gene repression by pRb in oncogene-induced senescence, but the details of how pRb interacts with specific cofactors to elicit irreversible cell cycle exit are still under investigation.
Further insight into how cells regulate pRb-mediated cell cycle arrest and senescence comes from RB-deficient osteosarcoma cells that were engineered to re-express RB under an inducible promoter (Binnéet al., 2007 ). An shRNA screen using these cells sought to identify kinases that modulate pRb-enforced G 1 arrest and, over time, senescent phenotypes. Interestingly, a number of kinases were identified that are important for the establishment of senescence but not reversible G 1 arrest, including the Hippo pathway component and tumor suppressor LATS2. This study showed that LATS2 facilitates pRb-mediated senescence by promoting the formation of p130/DREAM complexes at E2F target gene promoters and repressing transcription (Tschöp et al., 2011) . These results coincide with another interesting study that implicates a non-canonical LATS2 kinase substrate, DYRK1A, in the formation of p130/DREAM complexes and establishment of oncogenic Ras-induced senescence . It is noteworthy that p130 and p107 individually were found to be dispensable for the senescence phenotype induced by oncogenic Ras (Chicas et al., 2010) yet these two proteins, but not pRb, were found in DREAM complexes (Litovchick et al., 2007) . It is possible that pRb actually interacts with DREAM complexes in some contexts. Alternatively, pRb could be important for recruiting p130-or p107-containing DREAM complexes to gene promoters, and that the distinct p130 and p107 complexes have redundant functions (Tschöpet al., 2011) . Thus it remains unclear precisely how pRb promotes senescence via DREAM complex formation.
pRb and the maintenance of genome stability
In addition to regulating the cell cycle and establishing senescence, pRb also has important roles in both preventing genotoxic stress and responding to it. Indeed, the DNA damage response to aberrant replication is known to be critical for inducing senescence upon oncogene activation (Bartkova et al., 2006; Di Micco et al., 2006) . A very recent study articulates another mechanism by which oncogenes disrupt pRb function and cause replicative stress during Sphase. This group showed evidence that inactivation of the RB protein family by expression of the HPV E6/E7 viral oncoproteins or cyclin E causes uncoordinated S phase entry with an insufficient pool of intracellular nucleotides. This leads to increased DNA replication stress, resulting in DNA damage and genome instability. Remarkably, addition of exogenous nucleosides or expression of genes such as c-Myc, which activates nucleotide biosynthesis genes, was found to rescue the observed replication stress and genome instability (Bester et al., 2011) . These data present a mechanism for how tumorinitiating events such as inactivation of pRb can lead to premature S-phase entry, replicative stress, and the accumulation of DNA damage.
Several microarray-based approaches have identified E2F target genes, including those previously known to be involved in DNA replication and cell cycle control, as well as genes that are involved in chromatin condensation, chromosome segregation, spindle checkpoint, and components of the DNA damage checkpoint and repair pathways (Ishida et al., 2001; Ren et al., 2002) . These observations suggest that pRb plays important roles in maintaining genome stability beyond its G 1 /S function. Indeed, the checkpoint protein Mad2, which senses improper kinetochore formation and regulates chromosome segregation during mitosis, was found to be a direct E2F target and is aberrantly expressed in cells with RB pathway inactivation, leading to mitotic defects and aneuploidy (Hernando et al., 2004) . Deregulation of Mad2 was also recently shown to be important for chromosome instability observed in the absence of both Rb and Trp53 (Schvartzman et al., 2011) .
In addition to regulating the expression of genes important for maintaining genome stability, pRb plays additional roles in promoting chromosome stability and preventing tumor growth in mice. The LxCxE motif of pRb was shown to be required for recruiting the CAP-D3 protein to centromeric heterochromatin, and this activity is important for promoting condensin II formation during mitosis and maintaining chromosome stability (Coschi et al., 2010) . Importantly, these findings were supported by results from several other groups using flies (Longworth et al., 2008; Manning et al., 2010) , human retinal cells (Manning et al., 2010) These interesting studies establish pRb functions in multiple cell cycle phases that are critical for promoting genome fidelity and tumor suppression.
Controlling cell death
pRb has long been appreciated to regulate cell death, a function that provides a failsafe mechanism against tumor formation in the event of its inactivation. E2F-1 activity is known to induce apoptosis in the absence of RB via multiple mechanisms and can promote the DNA damage response by transcriptional activation of p14 ARF , which inhibits the degradation of p53 by Mdm2 . E2F-1 can also promote the response to DNA damage via p53 phosphorylation and activation independent of p14 ARF (Rogoff et al., 2002) . However cell death induced by E2F-1 is not universally dependent on TRP53 (Ginsberg, 2002) , as it also has well-documented roles in the regulation of initiator ) and effector caspase function , as well as mitochondrial membrane integrity (Stanelle et al., 2002) . Research in the last several years has provided insight into the contexts in which pRb operates as an inhibitor of cell death. Studies in Drosophila show that Rbf represses expression of Hid, a member of an apoptotic gene family that functions to inactivate the Drosophila inhibitor of apoptosis proteins (DIAP), similar to mammalian Smac/ Diablo. However, the mechanism of Hid regulation and apoptosis differs among cell types and developmental contexts, as E2F function was shown to be important for both cell death and survival (Moon et al., 2005; Moon et al., 2006; Tanaka-Matakatsu et al., 2009; Li et al., 2010) . These studies reflect a conserved and complex role for E2Fs in controlling Smac/Diablo expression (Xie et al., 2006; Chen et al., 2009a) .
Studies using E2f-1, -2, -3 TKO mice showed that activator E2Fs may actually have a survival function during retinal development, as cells from this tissue exhibit reduced expression of Sirt1, which functions to block p53 acetylation and function, leading to increased apoptosis (Chen et al., 2009a) . A later study yielded similar results using independently-derived E2f-1, -2, -3 TKO mice, and shed light on the collective function of activator E2Fs during intestinal differentiation. These experiments showed that progenitor cells can proliferate in the absence of activator E2Fs, but they accumulate DNA damage, leading to p53-independent apoptosis. Interestingly, differentiated E2f-1, -2, -3 TKO cells in the intestine do not proliferate or exhibit apoptosis, suggesting that the ability of activator E2Fs to prevent cell death is limited to the undifferentiated cells (Chong et al., 2009) . Thus the functions of E2Fs as inducers of apoptosis are highly dependent on context and pRb, by extension, may have roles either to promote or inhibit programmed cell death.
Indeed, recent results from Drosophila show that Rbf expression induces apoptosis in proliferating cells but not in post-mitotic cells through a caspase-dependent mechanism (Milet et al., 2010) . Similarly, pRb was recently shown to promote apoptosis in proliferating cells treated with the DNAdamaging agent doxorubicin in mammals. In these experiments hyperphosphorylated pRb was found in a complex with E2f-1 and the histone acetyltransferase P/CAF bound to transcriptionally-active caspase 7 and p73 promoters, and intact Rb was shown to be required for the DNA damageinduced apoptotic phenotype (Ianari et al., 2009 ).
MODULATION OF RB LOSS BY CELLULAR SIGNALING NETWORKS
The functions of RB during the cell cycle, apoptosis, and differentiation are exerted within the context of cellular signaling networks, which will influence the outcome of RB pathway deregulation. Elucidating the key signaling events that can influence the effects of RB loss will provide new insights into the functions of pRb in different settings and potentially provide new ways of intervention in cancer treatment.
Cell survival in the absence of RB Deregulation of activator E2Fs plays a key role in tumorigenesis following Rb loss, as evidenced by Rb −/− , E2f-1 −/− knockout mice. These animals survive longer than Rb −/− mice due to reduced apoptosis in multiple tissues (Tsai et al., 1998) . Additionally an E2f-1 −/− genetic background extends lifespan and reduces tumor incidence in Rb +/− mice . Because E2f-1 −/− mice themselves are also apoptosis-defective and tumor-prone (Yamasaki et al., 1996) , the proliferative function of E2f-1 is likely important for tumorigenesis downstream of Rb loss. Therefore in addition to the regulation of proliferation, inhibition of E2f-1-induced cell death is a critical function of pRb during development and loss of these functions is tumorigenic when cell death is compromised by various mechanisms. As mentioned above, a number of E2F-1 target genes involved in apoptosis have been identified. Therefore, considerable attention in recent years has been paid to signaling pathways that have the ability to affect the apoptotic E2F transcription program. Notably, the Drosophila model is at the forefront of these investigations. Previous experiments using cultured Rb, p107, p130 TKO MEFs showed that cell death caused by serum deprivation can be reversed by expression of activated Ras through multiple effectors (Young and Longmore, 2004) . Interestingly studies using Drosophila show that epidermal growth factor receptor (EGFR)/Ras signaling is also important for suppressing apoptosis observed in the absence of the Rbf during fly retinal development. It was shown that genetic deregulation of Ras signaling or overexpression of Raf is sufficient to prevent the death of Rbf-deficient cells in vivo (Moon et al., 2006) . It should be pointed out that while Ras signaling counteracts apoptosis induced by the loss of RB in both flies and mammals, the precise mechanisms downstream of Ras that regulate apoptosis are divergent. In Drosophila, EGFR/Ras counteracts apoptosis of Rbf-deficient cells through mitogen activated protein kinase (MAPK), which phosphorylates and inactivates Hid, a key death inducer in cells with deregulated E2F activity (Bergmann et al., 1998; Moon et al., 2005; Moon et al., 2006; Tanaka-Matakatsu et al., 2009 ). On the other hand, pharmacological inhibition of ERK was not sufficient to reverse the protective effect of Ras on Rb, p107, p130 TKO MEFs cultured in low serum. In fact, the ability of Ras signaling to counteract the apoptotic effect of Rb loss may depend on phosphatidylinositol 3-kinase (PI3K) activity (Young and Longmore, 2004) .
Experiments designed to investigate the effect of PI3K signaling on E2F-1-induced gene expression showed that a subset of E2F target genes are specifically repressed upon serum-induced PI3K activity. Many of these genes have apoptotic functions, as opposed to proliferative genes that are not affected by PI3K activity, suggesting that PI3K survival signaling is an important response to deregulation of E2F-1 during tumorigenesis. Indeed, reduced expression of many genes in this cohort were shown to correlate with poorer clinical outcomes for breast and ovarian cancer (Hallstrom et al., 2008) . One of the interesting genes to come out of this analysis was Ampkα2, a gene encoding the catalytic subunit of the energy-sensing kinase AMPK (AMP-activated protein kinase). Knockdown of Ampkα2 was observed to reduce E2F-1-induced apoptosis in cultured cells either deprived of serum or treated with the AMPK agonist AICAR (Hallstrom et al., 2008) . Therefore deregulated PI3K signaling can potentially affect the apoptotic E2F-1 transcriptional program and cooperate with loss of RB in promoting tumorigenesis.
PI3K/Akt signaling regulates diverse cellular functions including cell growth, survival, and metabolism. PI3K/Akt signaling has many established feedback loops that prevent excessive activation of the Akt oncogene in the event of mTOR deregulation (Harrington et al., 2004; Shah et al., 2004; Sarbassov et al., 2005; Julien et al., 2010; Treins et al., 2010) . Interestingly, although activation of PI3K/Akt can suppress cell death induced by a variety of signals, increased Akt signaling also sensitizes cells to reactive oxygen species (ROS)-induced death (Nogueira et al., 2008) . In addition, loss of either TSC1 or TSC2 induces ER stress and increases the sensitivity of TSC1/TSC2-mutant cells to apoptosis (Ozcan et al., 2008) . Recent work in our lab and others showed that deregulated TORC1 activity downstream of TSC1 and TSC2 (Hsieh et al., 2010; Li et al., 2010) promotes cell death in the absence of Rbf during fly development. This effect is conserved in human cells, as the loss of both RB and TSC2 also causes "synthetic lethality," a general feature whereby cells that harbor the mutation of a particular tumor suppressor such as RB become reliant on specific genes for survival (Kaelin, 2005) . We found that knockdown of TSC2 specifically kills a variety of cancer cells that lack RB under stress conditions and prevents tumor formation in vivo. While previous studies implicated pRb/E2F in the regulation of oxidative (Tanaka et al., 2002) and ER stress (Racek et al., 2008) , we observed that inactivation of pRb causes downregulation of the ROS scavenger SOD2 while knockdown of TSC2 leads to increased levels of both ROS and ER stress. Importantly, the high level of cellular stress resulting from the combined inactivation of RB and TSC2 contributes to this synthetic cell death . As mentioned above, TSC2 inactivation also results in the downregulation of Akt activity. Although our results in prostate cancer cells do not implicate reduced Akt signaling in the synthetically lethal relationship between pRb and TSC2, it is possible that decreased PI3K/Akt activity resulting from feedback regulation contributes to reduced survival in other cell types (Fig. 2) .
RB loss and differentiation
Recent results in our lab show that Rbf is important for proper photoreceptor differentiation when developmental pathways such as Notch and EGFR signaling are compromised in the Drosophila retina. Rno is an EGFR pathway component required for expression of the Ets transcription factor Pointed, which is important for EGFR/Ras signaling in the nucleus. Pointed also controls expression of Argos, a feedback inhibitor that functions to limit Ras signaling (Voas and Rebay, 2003; Sukhanova et al., 2011) . We found that the phenotype of mutant Rno, while subtle on its own, synergizes with the loss of Rbf and leads to defective R8 photoreceptor determination and subsequently delays photoreceptor differentiation (Steele et al., 2009; Sukhanova et al., 2011) . Our data indicate that loss of Rbf reduces expression of Rhomboid, a transmembrane protein important for EGFR ligand processing. Reduced Rhomboid levels attenuate activation of MAPK in the cytoplasm which, in combination with abrogated EGFR signaling output in the nucleus due to the loss of Rno, synergistically delays photoreceptor differentiation (Sukhanova et al., 2011) . These results suggest an important function of Rbf in terminal differentiation that is independent of its role in cell proliferation (Fig. 3) .
Rbf was also shown in recent reports to cooperate with the Hippo tumor suppressor pathway to promote differentiation during fly retinal development. These experiments demonstrated that loss of Wts, the fly ortholog of the aforementioned LATS2 kinase, suppresses apoptosis, enhances proliferation, and antagonizes differentiation in Rbf-mutant eye tissue. Importantly, the impaired differentiation phenotype was observed to be independent of the proliferative effect, as expression of numerous photoreceptor differentiation markers was still diminished in the absence of dE2f1 . This group also showed in a subsequent report that dE2f1 and Yki (the fly ortholog of the YAP transcription factor) cooperate to activate a particular gene expression signature, including a number of cell cycle-related targets, and this collaborative function is repressed by Rbf (Nicolay et al., 2011) . These results, combined with the experiments described above implicating cooperative LATS2 and pRb activity in DREAM complex formation, suggest that members of the RB family function as critical regulators of proliferation while promoting differentiation upon activation of Hippo signaling, a pathway that has garnered significant recent attention for its role in cancer (Pan, 2010; Dick and Mymryk, 2011) .
Protein & Cell Figure 2 . Dependence of RB-deficient cells on TORC1 regulation. pRb/E2F participates in oxidative stress and unfolded protein responses by promoting expression of the ROS scavenger SOD2 and ER chaperone GRP78, respectively. Therefore cells harboring RB mutations are more sensitive to ROS-and ER stress-induced death. Because loss of TSC function causes deregulated TORC1 activity, which induces increased cellular stress and feedback inhibition of PI3K/AKT survival, RB-deficient cells are sensitive to the loss of either TSC1 or TSC2 and show synthetic lethality.
CONCLUDING REMARKS
Much progress has been made in recent years toward understanding the wide variety of pRb functions, especially those that are important for tumor suppression. However four decades after Knudson published his seminal work on retinoblastoma, there is still much to be learned about the dependence of cancer on the many different mechanisms of pRb inactivation. Notably, recent cancer genome sequencing data (Chin et al., 2011) suggest that while a few common pathways (including RB-E2F) are often affected in cancer, large numbers of additional mutations are observed in any individual tumor. The possibility that such mutations or combinations of mutations can cooperate with inactivation of pRb to affect critical cellular processes is quite high. Thus continued research into how parallel signaling pathways modulate the affects of deregulated E2F activity on cell proliferation, differentiation, and cell death could help to illuminate how particular genetic outcomes of pRb inactivation contribute to tumorigenesis in humans and, potentially, identify novel targets for therapeutic intervention (Knudsen and Wang, 2010; Searle et al., 2010; Gordon and Du, 2011) . Therefore it is incumbent on researchers to push forward in the pursuit of a comprehensive understanding of the RB-E2F pathway in actual biological contexts. Given the universality of pRb defects in cancer, such an understanding will hopefully translate into a range of effective treatments for specific genetic alterations, yielding improvements to patient quality of life in the future. Figure 3 . Control of Drosophila photoreceptor differentiation by Rbf and Rno. Rbf is required for the high level of Rhomboid expression in the morphogenetic furrow (MF), although reduced cytoplasmic epidermal growth factor receptor (EGFR) signaling is apparently sufficient to induce photoreceptor differentiation. Rno is required for the transcription of Pointed, an Ets-family transcription factor that is important for photoreceptor differentiation. However Pointed is also required for the expression of Argos, a negative regulator of EGFR signaling. Thus the impairment of EGFR signaling output in the nucleus due to Rno mutation is mitigated by reduced feedback inhibition of EGFR in the cytoplasm. Loss of both Rbf and Rno together affects both cytoplasmic and nuclear components of EGFR-Ras signaling, leading to defective photoreceptor differentiation.
